Corin is a cardiac membrane protease that activates natriuretic peptides. It is unknown how corin function is regulated. Recently, soluble corin was detected in human plasma, suggesting that corin may be shed from cardiomyocytes. Here we examined soluble corin production and activity and determined the proteolytic enzymes responsible for corin cleavage. We expressed human corin in HEK 293 cells and detected three soluble fragments of ϳ180, ϳ160, and ϳ100 kDa, respectively, in the cultured medium by Western blot analysis. All three fragments were derived from activated corin molecules. Similar results were obtained in HL-1 cardiomyocytes. Using protease inhibitors, ionomycin and phorbol myristate acetate stimulation, small interfering RNA knockdown, and site-directed mutagenesis, we found that ADAM10 was primarily responsible for shedding corin in its juxtamembrane region to release the ϳ180-kDa fragment, corresponding to the near-entire extracellular region. In contrast, the ϳ160and ϳ100-kDa fragments were from corin autocleavage at Arg-164 in frizzled 1 domain and Arg-427 in LDL receptor 5 domain, respectively. In functional studies, the ϳ180-kDa fragment activated atrial natriuretic peptide, whereas the ϳ160and ϳ100-kDa fragments did not. Our data indicate that ADAM-mediated shedding and corin autocleavage are important mechanisms regulating corin function and preventing excessive, potentially hazardous, proteolytic activities in the heart. . 2 The abbreviations used are: ANP, atrial natriuretic peptide; HF, heart failure; ADAM, a disintegrin and metalloprotease; PMO, phorbol myristate acetate.
Natriuretic peptides act as a cardiac endocrine mechanism to regulate blood volume and pressure (1, 2) . Corin is a serine protease that activates atrial natriuretic peptides (ANP) 2 and B-type natriuretic peptides in the heart (3, 4) . The physiological importance of corin function has been shown in mouse models, in which disruption of the corin gene causes hypertension and cardiac hypertrophy (5, 6) . In humans, population studies have identified polymorphisms (T555I/Q568P) in the corin gene in African Americans who had high blood pressure and cardiac hypertrophy (7) (8) (9) . The polymorphisms were shown to alter corin protein structure and impair its biological activity in functional studies (10) . In patients with heart failure (HF), the corin variants were associated with poor natriuretic peptide processing and worse clinical outcomes (11) .
Corin belongs to the type II transmembrane serine protease family, a subclass of trypsin-like enzymes defined by an N-terminal transmembrane domain and a C-terminal protease domain (12, 13) . The transmembrane domain anchors the proteases on the cell surface, localizing the biological activities at specific sites. Under physiological and/or pathological conditions, type II transmembrane serine proteases can be shed from the cell surface. Soluble forms of enteropeptidase, hepsin and matriptases, for example, have been reported (14 -17) . Recently, soluble corin was detected in human blood, indicating that corin is shed from the heart (18 -20) . Interestingly, plasma corin levels were lower in patients with severe HF compared with those of normal controls or patients with mild HF (18, 21, 22) , suggesting that corin shedding from the cells may be important in regulating corin function and that altered corin shedding and/or cleavage may play a role in HF.
The mechanism responsible for corin shedding was unknown. In this study, we studied corin shedding in cultured HEK 293 cells and HL-1 cardiomyocytes. We identified soluble corin fragments released either by ADAM (a disintegrin and metalloprotease)-mediated shedding or by corin autocleavage. We further examined the biological activity of these corin fragments in pro-ANP processing assays.
EXPERIMENTAL PROCEDURES
Cell Culture-HEK 293 cells were grown in DMEM with 10% FBS. The mouse atrial HL-1 myocytes (23) were cultured in Claycomb medium (Sigma) with 10% FBS, 100 M norepinephrine, and 4 mM L-glutamine in gelatin-coated plates. All cells were cultured at 37°C in humidified incubators with 5% CO 2 and 95% air.
Plasmid Constructs-Plasmids expressing human wild-type (WT) corin, active site mutant S985A, activation cleavage site mutant R801A, and frizzled-like domain 1 deletion mutant (⌬Fz1) and rat corin were described previously (10, 24, 25) . Plasmids expressing human corin mutants R134A, R164A, R180A, R213A, R239A, R244A, and R427A were made by PCRbased site-directed mutagenesis using WT corin plasmid as a template. The full-length mouse corin cDNA was amplified using mRNAs from heart samples and cloned in pcDNA vector (Invitrogen). Recombinant corin proteins expressed by these plasmids contained a C-terminal V5 tag to facilitate protein detection in Western blotting.
Transfection, Immunoprecipitation, and Western Blotting-Plasmids were transfected into HEK 293 and HL-1 cells using FuGENE (Roche Diagnostics) or Lipofectamine 2000 (Invitrogen) reagents, as described previously (25, 26) . Conditioned medium was collected after 48 -72 h, and recombinant proteins were immunoprecipitated with an anti-V5-antibody. Cells were lysed in a buffer containing 50 mM Tris-HCl (pH 8.0), 150 mM NaCl, 1% Nonidet P-40 (v/v), and a protease inhibitor mixture (Sigma, 1:100). Protein samples were analyzed by Western blotting with (reducing) or without (non-reducing) 2.5% ␤-mercaptoethanol in a sample buffer, as described previously (25, 26) . ADAM10, ADAM17, and GAPDH proteins in cell lysate were analyzed by Western blotting using commercial antibodies (Millipore).
Effects of Protease Inhibitors on Corin Shedding-To identify proteases involved in corin cleavage, a panel of inhibitors including benzamidine (trypsin-like serine protease inhibitor, 5 mM), GM6001 (metalloproteinase inhibitor, 50 M), TAPI-1 (ADAM inhibitor, 50 M), N-acetyl-leucyl-leucyl-methionine (cysteine protease inhibitor, 50 M), and a mixture of protease inhibitors (1:400) were added to corin-expressing cells in separate wells. The conditioned medium was collected after 19 h. Soluble corin fragments were analyzed by immunoprecipitation and Western blotting.
Effects of Ionomycin and PMA on Corin Shedding-Corinexpressing cells were treated with vehicle (dimethyl sulfoxide), ionomycin (2.5 M) or phorbol 12-myristate 13-acetate (PMA) (200 ng/ml) for 30 -45 min. Soluble corin in the conditioned medium and cellular corin in the lysate were analyzed by immunoprecipitation and Western blotting. The intensity of protein bands on Western blots was quantified using a densitometer (Bio-Rad). The ratio of soluble/cellular corin, an indicator of corin shedding, was calculated.
Analysis of ADAM10 and ADAM17 mRNA Expression-Total RNAs were isolated from HEK 293 and HL-1 cells with TRIzol reagents (Invitrogen). First-strand cDNAs were synthesized using the SuperScript TM III kit (Invitrogen). Specific oligonucleotide primers were used in RT-PCR to amplify human or mouse ADAM10 and ADAM17 mRNAs in HEK 293 or HL-1 cells, respectively. In these experiments, negative controls included reactions done without cDNA templates. PCR products were separated on 1% agarose gels and visualized by ethidium bromide staining under UV light.
Knockdown ADAM10 and ADAM17 Expression-Six single siRNAs targeting different sequences of human and mouse ADAM10 genes (three siRNAs each) and pooled siRNAs for human and mouse ADAM10 and ADAM17 genes (Dharmacon) were used to transfect corin-expressing HEK 293 and HL-1 cells, respectively, at concentrations of 25-50 nM, according to the manufacturer's instructions. A non-targeting siRNA pool (Dharmacon) was used as a negative control, and siRNAs pools against the human and mouse GAPDH genes (Dharmacon) were used as positive controls. After transfection, cell culture medium was changed, and the cells were incubated for 72 h. The conditioned medium was collected, and the cell lysate was prepared. Soluble and cellular corin proteins were analyzed by immunoprecipitation and Western blotting.
Pro-ANP Processing Assay-Conditioned medium containing recombinant human pro-ANP was made from transfected cells. Conditioned medium containing soluble corin from transfected HEK 293 or HL-1 cells was collected, concentrated with an Amicon device (Millipore), and incubated with the pro-ANP medium at 37°C. Control medium without soluble corin was used as a negative control, and cell lysate with full-length corin was used as a positive control. Pro-ANP and ANP in the medium were analyzed by immunoprecipitation and Western blotting, as described previously (24, 25) .
RESULTS

Soluble Corin Fragments from HEK 293 and HL-1 Cells-
To study corin cleavage from the cell surface, we expressed human corin in HEK 293 cells and mouse HL-1 cardiomyocytes and analyzed soluble corin fragments in the conditioned medium. By immunoprecipitation and Western blotting, we detected three distinct corin fragments of ϳ180, ϳ160, and ϳ100 kDa, respectively, in both cell types (Fig. 1A , left lanes). These fragments were smaller than the full-length corin in cell lysates (Fig. 1A , right lanes), indicating that they were cleaved forms of corin.
Corin is made as a zymogen. Cleavage at Arg-801 activates corin (3, 27) . The activated protease domain, ϳ40 kDa in length, is linked to the propeptide region by a disulfide bond ( Fig. 1B) . To examine the activation status of the soluble corin fragments, we analyzed the conditioned medium from the transfected HEK 293 and HL-1 cells by Western blotting under non-reducing and reducing conditions. As shown in Fig. 1C , soluble corin fragments appeared in the medium after ϳ4 -8 h and accumulated over time. Under reducing conditions (right panels), most of the corin fragments were reduced to ϳ40 kDa, indicating that the ϳ180-, ϳ160-, and ϳ100-kDa fragments were activated two-chain molecules linked by the disulfide bond.
To examine if the ϳ160and ϳ100-kDa bands were derived from additional cleavage of the ϳ180-kDa fragment after it was released from the cells, the conditioned medium was collected and incubated at 37°C over time. Western-blot analysis showed that all three fragments remained at similar levels without the cells ( Fig. 1D ), suggesting that these fragments came directly from the cells and were stable in the conditioned medium.
We also examined the shedding of mouse and rat corin. In Western-blot analysis, soluble corin fragments were detected in the conditioned medium from the transfected HEK 293 ( Fig.  1E ) and HL-1 cells ( Fig. 1F ). Mouse corin had three major soluble fragments, similar to that of human corin, whereas rat corin had one predominant fragment of ϳ180 kDa and two additional fragments of smaller size.
Effects of Protease Inhibitors-To identify the enzyme(s) responsible for corin shedding, we tested the effects of protease inhibitors on soluble corin generation in HEK 293 and HL-1 cells. As shown in Fig. 2, A and B (left panels) , the level of the ϳ180-kDa fragment was markedly reduced in the presence of a metalloproteinase inhibitor (GM6001) or an ADAM inhibitor (TAPI-1), but not trypsin-like serine protease (benzamindine) or cysteine protease (N-acetyl-leucyl-leucyl-methionine) inhibitors. In contrast, the levels of the ϳ160and ϳ100-kDa fragments were inhibited by benzamidine but not the other inhibitors. As a positive control, all three fragments were inhibited by a protease inhibitor mixture. As another control, recombinant corin expression in HEK 293 and HL-1 cells was not inhibited by the inhibitors (Fig. 2, A and B , right panels). The results indicated that the ϳ180-kDa fragment was cleaved by ADAM protease(s), whereas the ϳ160and ϳ100-kDa fragments were cleaved by trypsin-like serine protease(s).
ADAM-mediated Corin Shedding-ADAM proteases are important in membrane protein shedding (28, 29) . Among them, ADAM10 and ADAM17 are major sheddases whose activities are enhanced differentially by different stimuli. ADAM10 activity is stimulated by ionomycin but not PMA, whereas ADAM17 activity is stimulated by both ionomyocin and PMA (30, 31) . We found that the ϳ180-kDa fragment production in HEK 293 and HL-1 cells was enhanced by ionomyocin but not PMA (Fig. 3, A and B ), suggesting that ADAM10 is a likely corin sheddase. By RT-PCR, we confirmed ADAM10 and ADAM17 mRNA expression in HEK 293 and HL-1 cells (Fig. 3C ). In these cells, transfection of single or pooled siRNAs targeting different sequences of human or mouse ADAM10 gene inhibited the ϳ180-kDa fragment production ( Fig. 3 , D and E). In contrast, transfection of siRNA pools against human or mouse ADAM17 or GAPDH genes had little effect. The reduction of ADAM10, ADAM17, and GAPDH protein expression was confirmed in the transfected cells ( Fig. 3 , D and E, lower panels). The results supported ADAM10 as a likely sheddase for the ϳ180-kDa corin fragment.
ADAM-mediated Shedding Site-ADAM proteases typically cleave their substrates between the membrane domain and the first globular extracellular domain (32) . Based on the apparent molecular mass, consistently, the ϳ180-kDa fragment was predicted to be cleaved within the juxtamembrane region between the transmembrane and Fz1 domains. We verified this hypothesis with corin Fz1 domain deletion mutant ⌬Fz1 (Fig. 4A) , which was expected to yield a shorter (Ͻ180 kDa) shed fragment. As shown in Fig. 4B , the ϳ180-kDa fragment was shortened to ϳ160 kDa. This shortened fragment was inhibited when the cells expressing the ⌬Fz1 mutant were cultured with GM6001 but not benzamidine (Fig. 4, C and D) , indicating that the ϳ160-kDa fragment was from ADAM-mediated shedding and supporting that the cleavage occurred in its juxtamembrane region before Fz1 domain.
Soluble Corin Fragments Produced by Corin Autocleavage-Studies with protease inhibitors suggested that the ϳ160and ϳ100-kDa fragments were generated by serine protease(s) (Fig.  2) . Because corin is a serine protease, it is possible that these fragments were produced by corin autocleavage. We tested this hypothesis using corin mutant S985A, in which the catalytic Ser residue was replaced by Ala, and mutant R801A, in which the activation cleavage site residue Arg was replaced by Ala (Fig.  5A ). Both mutations abolish corin catalytic activity (24, 27) . As shown in Fig. 5, B and C, the conditioned medium from HEK 293 and HL-1 cells expressing these mutants contained only the ϳ180-kDa fragment but no ϳ160and ϳ100-kDa fragments, Corin fragments in the conditioned medium (CM) and cell lysate (LS) were analyzed by Western blotting. C, expression of human (h) and mouse (m) ADAM10 and ADAM17 mRNAs in parental HEK 293 and HL-1 cells was confirmed by RT-PCR. HEK 293 (D) and HL-1 (E) cells expressing corin were transfected with single or pooled siRNAs against the human or mouse ADAM10 or ADAM17 genes. The production of the ϳ180-kDa fragment (arrows) in the medium was reduced in ADAM10 siRNA-treated cells, as shown by Western blotting. Controls included non-targeting siRNAs pool or siRNAs pools against the human and mouse GAPDH genes. The reduction of ADAM10 (proform (P) and mature form (m) (arrow heads)), ADAM17, and GAPDH proteins in transfected cells was shown by Western blotting. Full-length (FL) corin in cell lysate also was shown. Data are from representative experiments that were repeated at least three times. indicating that these two smaller fragments were generated by corin autocleavage.
Identification of Corin Autocleavage Sites-Based on their apparent molecular masses, the two corin autocleavage fragments were predicted to be cleaved in the Fz1 and LDLR5 domains, respectively (Fig. 6A) . As a trypsin-like protease, corin was shown to have a preference to cleave after Arg residues (27) .
By site-directed mutagenesis, we made corin mutants replacing all single Arg with Ala residues within these two domains, including R134A, R164A, R180A, R213A, R239A, R244A, and R427A (Fig. 6A ). Western-blot analysis of the conditioned medium from cells expressing these mutants showed that R164A mutation prevented the ϳ160-kDa fragment production, whereas R427A mutation prevented the ϳ100-kDa fragment production (Fig. 6B) . In contrast, mutations at the other residues did not prevent the production of these two fragments. These data indicated that corin cleaved at R164 in the Fz1 domain and R427 in the LDLR5 repeat, generating the ϳ160and ϳ100-kDa fragments, respectively.
Biological Activity of Soluble Corin Fragments-To test if soluble corin fragments are biologically active, we incubated the soluble corin fragments with human pro-ANP and analyzed pro-ANP processing. As shown in Fig. 7B (left panel) , pro-ANP was converted to ANP with the conditioned medium containing soluble corin. In this experiment, the conditioned medium from parental HEK 293 cells was used as a negative control and full-length corin from cell lysate as a positive control. Similar results were found in the conditioned medium from HL-1 cells that express endogenous corin (Fig. 7B, right panel) .
To determine which soluble corin fragment is biologically active, we first inhibited the ADAM activity with GM6001, which prevented the ϳ180-kDa fragment production (Fig. 7C,  top panel) . The pro-ANP processing activity was significantly inhibited with increasing concentrations of GM6001 (Fig. 7C,  lower panel) , indicating that the ϳ180-kDa fragment was biologically active whereas the other two fragments had little activity. We also tested pro-ANP processing activity in the conditioned medium from HEK 293 cells expressing either corin mutant R164A or R427A, lacking the ϳ160or ϳ100-kDa fragment, respectively (Fig. 7A ). No significant reduction in pro-ANP processing activity was observed in these two mutants compared with that of WT (Fig. 7D) . These data were consistent, indicating that ϳ160and ϳ100-kDa fragments had little biological activity and that the majority of the observed pro-ANP processing activity was from the ϳ180-kDa fragment.
DISCUSSION
Ectodomain shedding is an important posttranslational process in a variety of cell membrane proteins, including adhesion molecules, enzymes, cytokines, growth factors, and receptors (28, 29, 33, 34) . Corin is a membrane protease that processes natriuretic peptides in cardiomyocytes (35, 36) . To date, the mechanisms that regulate corin activity remain unclear. Recently, soluble corin was detected in human blood, suggesting that corin may be shed from the cells (18 -20) . In this study, we examined soluble corin production and activity and determined the proteolytic enzymes responsible for corin shedding.
In the cultured medium from transfected HEK 293 cells, we detected three distinct human corin fragments of ϳ180, ϳ160 and ϳ100 kDa, respectively. Similar results were found when human corin was expressed in mouse atrial HL-1 cells, which retained all structural and functional characteristics of cardiomyocytes (23) . Because of lacking suitable antibodies, we were unable to analyze endogenous mouse soluble corin in HL-1 cells. We expressed recombinant mouse and rat corin in FIGURE 5 . Soluble corin fragments from the S985A and R801A mutants. A, illustration of WT corin, active site mutant S985A, and activation cleavage site mutant R801A. Soluble corin fragments from transfected HEK 293 (B) and HL-1 (C) cells expressing WT corin and the S985A and R801A mutants were analyzed by Western blotting (left panels). Cell lysate was included as a control for corin expression levels (right panels). Data are from representative experiments that were repeated at least three times. FIGURE 6. Corin autocleavage sites. A, illustration of Arg residues in the Fz1 and LDLR5 domains that were substituted by Ala in single mutants. B, soluble corin fragments in the medium from HEK 293 cells expressing WT corin and mutants were analyzed by Western blotting. The S985A and R801A mutants, in which autocleavage was abolished, were used as controls. The ϳ160and ϳ100-kDa bands are indicated by an arrow or arrow head, respectively. Data are from representative experiments that were repeated at least three times.
HEK 293 and HL-1 cells and detected shed fragments of ϳ180 kDa. Mouse and rat corin also had several soluble fragments that differed in molecular mass from those of autocleaved human fragments, which may reflect different corin sequences in these species. The data supported that corin shedding was physiologically relevant.
In experiments with protease inhibitors, ionomycin and PMA stimulation, and gene knockdown by siRNAs, we showed that the ADAM10, a major membrane protein sheddase, was most likely responsible for shedding the ϳ180-kDa corin fragment. Studies have shown that ADAMs usually cleave their substrates between the membrane domain and the first globular extracellular domain (28, 29, 32, 37) . The recognition mechanisms by these proteases largely depend on a substrate structure close to the cell membrane but not specific amino acid sequences. Consistent with these findings, we showed that ADAM-mediated cleavage occurred in the corin juxtamembrane domain. We also found that the ADAM-mediated shedding was not highly sequence-specific, as additional point mutations and small deletions within this region did not completely block the cleavage (data not shown). In mice, ADAM10 deficiency is lethal, resulting in early embryonic loss (38) . It is unknown if corin expression in the heart is altered in these mice and if other ADAMs may compensate ADAM10 to shed corin in vivo.
Unlike the ϳ180-kDa fragment, the ϳ160and ϳ100-kDa fragments were generated by corin autocleavage, which was inhibited by benzamidine. Mutations at the corin active site, Ser-985, or the zymogen activation cleavage site, Arg-801, which abolish corin protease activity, prevented the produc-tion of these two fragments. By mutagenesis, we localized the autocleavage sites at Arg-164 in the Fz1 domain and Arg-427 in the LDLR5 repeat, respectively. Mutation at either Arg-164 or Arg-427 apparently did not alter the rate of cleavage at the other residue ( Fig. 6 ). It appeared, therefore, that these two autocleavage fragments were generated independently but not sequentially.
In functional assays, the ϳ180-kDa fragment, which represented the near-entire extracellular region of corin, exhibited the biological activity in processing pro-ANP. In contrast, the ϳ160and ϳ100-kDa fragments had little activity. The results were consistent with our previous findings that the transmembrane domain is not required for corin to process pro-ANP, whereas the Fz1 and LDLR domains are important for the activity (24, 27) . Thus, our results showed that ADAM-mediated shedding generated a long soluble corin that was biologically active. In contrast, corin cleaved itself, producing two shorter fragments that were inactive.
Excessive proteolytic activities are potentially hazardous. Regulatory mechanisms have evolved to control the activities to avoid undesired consequences. The activities of most trypsinlike proteases are controlled by endogenous inhibitors that are usually blood-bound. Surprisingly, corin-mediated pro-ANP processing was not inhibited by human plasma (27) . To date, no physiological corin inhibitors have been identified. The corin shedding and autocleavage described here may represent an important mechanism in regulating corin activity. It is likely that once corin is activated and cleaves natriuretic peptides, active corin molecules are removed from the cell surface to prevent excessive proteolytic activities in the heart. This action appears to be carried out by an ADAM, most likely ADAM10. Corin inactivates the remaining molecules on the cell surface by autocleavage. Consistent with this working model, we found that most soluble fragments were derived from active corin, as indicated by a broken peptide bond at Arg-801 to Ile-802 (Fig.  1C) , and that the ADAM-generated ϳ180-kDa fragment appeared earlier in the medium than the other two autocleaved fragments (Fig. 1C) .
Our finding that the ϳ180-kDa fragment is biologically active suggests that corin may function not only in the heart but also in blood and other distant organs. Supporting this notion, two most recent studies showed natriuretic peptide processing activities in human blood (21, 39) . Because plasma corin levels were low, ranging from pico-to nanogram per ml (18 -20) , it remains to be determined if the activity was indeed from the ϳ180-kDa fragment. Interestingly, we and others found that plasma corin levels were lower in patients with severe HF compared with that in normal individuals or patients with less severe HF (18, 21, 22) . We also found that cardiac corin protein expression, but not its activity, was increased in mouse and human failing hearts, indicating that corin activation is a ratelimiting step in HF (40) . As shown in this study, corin shedding and autocleavage were closely related to its activation. It is possible that low levels of plasma corin may reflect inadequate corin activation in failing hearts. The reduction of the overall corin activity in the heart and blood is expected to impair the ANP pathway, which may exacerbate body fluid retention and poor cardiac function in patients with severe HF.
